CRF is a potent hypophysiotropic factor which stimulates POMC-producing cells in both the intermediate and anterior pituitary. Although its secretagogue effects and its stimulatory action on POMC gene expression are well documented, the mechanisms by which CRF modulates gene regulation are poorly understood. In this study we have investigated the mechanisms by which CRF stimulates the immediate early gene c-fos. Studies were performed in the corticotroph-derived AtT20 cell line. We show that CRF induces a transient increase in c-fos mRNA levels. This induction is reduced by blockade of calcium entry and by calmodulin inhibitors, suggesting that the CRF-induced c-fos increase is mediated in part by the second messenger Ca 2+ and the Ca 2+ / calmodulin kinase. When protein kinase-A (PKA) was inhibited by introduction of a mutated regulatory subunit of PKA that lacks cAMP-binding sites, the stimulation of c-fos mRNA by CRF was abolished. Taken together, these results suggest that CRF activates the, c-fos protooncogene via PKA and the Ca 2+ /calmodulin kinase. These results were confirmed and extended by gene transfer studies using chimera genes containing c-fos promoter sequences coupled to the chloramphenicol acetyl transferase reporter gene. This series of experiments shows that CRF stimulates c-fos transcription by mechanisms requiring PKA activation.
INTRODUCTION
The 41-amino acid peptide CRF has potent stimulatory effects on POMC-producing cells from both the intermediate lobe (IL) and the anterior lobe (AL) of the pituitary (for review, see Ref. 1) . The AtT20 pituitary tumor cell line, derived from mouse anterior pituitary tissue, has provided an interesting model system for studying the molecular mechanisms underlying the stimulatory effects of CRF. The latter include increased secretion of POMC-derived peptides and, at the genomic level, the stimulation of POMC gene transcription (2) and POMC mRNA accumulation (3) (4) (5) .
Biochemical studies have shown that CRF activates adenylate cyclase (probably via the GTP-binding protein Gs), thereby increasing intracellular cAMP levels (6) . Thus, cAMP is one possible link or effector in the regulatory cascade via protein kinase-A (PKA) that may affect peptide secretion and POMC gene expression. This was further suggested by experiments in which PKA was blocked by introduction of PKA inhibitors with loaded liposomes (5) . This treatment reduced the CRFstimulated POMC mRNA increase. On the other hand, hormonal secretagogues that stimulate POMC-derived peptide release and cAMP levels also increase (directly or secondary to cAMP increase) cytosolic free calcium levels ([Ca]i) (7) . The source of increased calcium appears to be extracellular. Indeed, the rise in [Ca} and the increase in secretion (8) and POMC mRNA accumulation (4) after stimulation by CRF are inhibited by pretreatment with inorganic (cadmium, cobalt, etc.) and organic (D600 and nifedipine) blockers of voltage-dependent calcium channels.
In contrast, little is known about the effects of CRF on gene regulation. It is well established that this hormone acts on POMC gene expression by increasing the rate of transcription and accumulation of POMC mRNA in melanotrophs and corticotrophs (see Ref. 9 and references therein). At the present time, the molecular mechanisms and the transacting factor(s) that mediate this effect have not been characterized. Stimulation of POMC gene transcription could be mediated by posttranslational modifications (12) (e.g. phosphorylation) initiated by changes in second messenger levels (cAMP and Ca 2+ ) generated by CRF. Alternatively, CRF could influence hormonal synthesis by inducing de novo synthesis of transacting factors. This possibility would include the involvement of early immediate genes inducible by cAMP and Ca 2+ . Such induction mechanisms have been particularly well studied in electrically excitable cells for the protooncogene c-fos. This gene is rapidly induced by a variety of extracellular signals (growth factors, neurotransmitters, or depolarizing agents) (13) (14) (15) (16) and is under the control of the cAMP and Ca 2+ second messenger pathways (14, (17) (18) (19) . Importantly, it is clear that c-fos is not only involved in processes controlling cell growth, but is also induced in cells in which the mitotic program has been stopped. Furthermore, cFOS has been shown to regulate the expression of a variety of genes, including neuropeptides (20) (21) (22) , and a similar control could be exerted on the POMC gene in pituitary cells
To test whether c-fos is implicated in the regulatory pathways controlled by CRF in pituitary cells, we have studied its induction in a corticotroph-derived cell line. In this report we show 1) that CRF rapidly induces cfos expression by cAMP-and Ca
2+
-dependent mechanisms; and 2) that overexpression of cFOS increases POMC gene expression
RESULTS

CRF Rapidly Induces c-fos in Pituitary Cells
To determine whether c-fos induction is involved in the early response to CRF, c-fos mRNA was analyzed in AtT20 cells after exposure to CRF (10" 8 M) . Northern blots were prepared in duplicate and used to measure c-fos or POMC mRNA. The c-fos transcripts increased 15-fold after 60 min of CRF treatment and then declined to initial levels within 4 h (Fig. 1 ). POMC mRNA levels followed a different time course, since increased levels were observed only after 4 h of CRF treatment (Fig. 1 ), in agreement with previously reported data (5)
Secretagogues Acting on cAMP and Calcium Increase c-fos Levels in AtT20 Cells
The effects of several drugs that stimulate POMCderived peptide secretion from AtT20 cells were compared to the effect of the CRF stimulus on c-fos mRNA accumulation (Fig. 2) . Cells were treated for 1 h, and
Duration of CRF treatment (hours) Fig. 1 . CRF Induces c-fos and POMC mRNA in ATt20 Cells Cells were grown to 50% confluency and serum starved for 24 h before treatment. The c-fos and POMC mRNA levels were measured by Northern blot, and 5 ng were loaded in each lane. CRF (10 nivi) was added progressively, 8, 4, 2, 1, and 0.5 h before harvesting. The inset shows typical autoradiograms. Measurments of relative c-fos and POMC mRNA levels were performed by scanning the autoradiograms with a BIOCOM 200 image analyzer. (Fig. 3 ). These treatments (D600, nifedipine, and W7) did not significantly alter basal or CRF-or FK-stimulated cAMP levels, as previously reported by Miyazaki and co-workers (6)
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Induction of c-fos by CRF Is Dependent on PKA
Due to the lack of selectivity of classical protein kinase inhibitors, we chose to examine the role of PKA by overexpressing either the catalytic subunit of PKA or different forms of the regulatory PKA using a vector (Mt-REV AB ) expressing a point-mutated regulatory subunit to which cAMP is unable to bind. In this latter case, overexpression of this mutated subunit should downtitrate the endogenous catalytic subunits and inactivate the PKA complex. McKnight and colleagues (23) and others (24) have demonstrated that such a manipulation can efficiently block the PKA-mediated stimulation of cAMP-responsive genes. The efficiency of the method was verified in our experimental model by cotransfecting the expression vectors with a plasmid containing a canonical cAMP-responsive element (CRE) linked to a chloramphenicol acetyl transferase (CAT) reporter gene (CRE/tK-CAT). Figure 4A shows that this construct responds to direct activation of adenylate cyclase by forskolin (5 • 10~6 M) in AtT20 cells. This response to forskolin is completely lost when the cells are cotransfected with Mt-REV AB (see Fig. 4A ) coding for the mutated regulatory subunit of PKA. In cells in which PKA was thus inactivated (Fig. 4B) , the rise in c-fos mRNA induced by CRF (10~8 M) was strongly reduced (80-90%) compared to that in control cells. Expression of this mutated form of the regulatory subunit did not alter the rise in cAMP levels after CRF treatment (not shown).
The role of the cAMP pathway in the regulation of cfos gene expression in AtT20 cells was further investigated by using reporter plasmids containing either 404 basepairs (plasmid FC4) or 220 basepairs (plasmid FC8) of the 5' flanking region of the human c-fos promoter coupled to the CAT reporter gene (25) (Fig. 5A ). The contribution of PKA to upregulate c-fos transcription was evaluated by overexpressing the catalytic subunit of this enzyme. Cotransfection of FC4, FC8, or CRE/ tK-CAT with an expression vector coding for the catalytic subunit of PKA strongly increased CAT activity (Fig. 5B ). Figure 5C shows that these c-fos promoter constructs, like the endogenous c-fos gene, are induced 9-and 6-fold by CRF and FK, respectively. The c-fos promoter constructs smaller than 60 basepairs or a tK-CAT vector without CRE were not stimulated by CRF or cotransfection with the catalytic subunit.
Our next step was to demonstrate whether c-fos induction by CRF was dependent on a functional PKA pathway. Again, cotransfecting FC4 along with Mt-REVAB almost completely abolished the stimulatory effect of CRF on c-fos transcription (Fig. 6B ), whereas cotransfecting a control plasmid (Fig. 6A ) or a plasmid expressing the wild-type regulatory subunit (Fig. 6C ) did not inhibit these responses. Transcription from a construct bearing the simian virus-40 long terminal repeat (SV40 LTR) linked to the CAT sequence was not modified by coexpression of the mutated regulatory subunit.
Role of PKA in Control of the cAMP and Calcium Pathway in AtT20 Cells
To determine at which level of the intracellular second messenger cascade PKA interacts with the Ca 2+ pathway, we introduced the FC4 reporter plasmid into AtT20 cells with either control plasmids (pCH 110 or pUC 18) or Mt-REV AB -In the former case, CRF (10" with either an expression vector (2 Mg/well) coding for a mutated regulatory PKA subunit lacking cAMP-binding sites (IVU-REVAB) or with a control plasmid (2 Mg/well; PCH110, an expression vector coding for jS-galactosidase, or pUC18). The transfection step lasted 10 h, after which cells were serum deprived for 24 h and then stimulated with FK (5 x 10~6 M) for 10 h. CAT activity was determined and taken as an index of CRE/tK-CAT transcription. Induction of CRE/tK-CAT transcription by FK was completely abolished in AtT20 cells cotransfected with Mt-REV AB , contrary to that in cells cotransfected with either PCH110 or pUC18. B, After 12 h of serum deprivation in DMEM, AtT20 cells were transfected with Mt-REVAB (2 jtg/well; 10 h). After an additional 24-h period in serum-free DMEM, cells were stimulated with CRF (10~8 M) for 1 h. Total RNA was extracted and analyzed by Northern blot (5 /itg/lane). Expression of the mutated regulatory subunit of PKA resulted in a marked decrease in c-fos mRNA accumulation after CRF treatment compared with that in cells transfected with PCH110. The experiment was repeated three times in duplicate with similar results. experiments (Fig. 6A) . In cells transfected with Mt-REVAB, K + and BAY K 8644 continued to induce c-fos expression, even through in the same experiment CRF or FK inducibility was abolished (Fig. 6B) . Overexpression of the wild-type form of the regulatory subunit Mt-RWT (Fig. 6C) did not inhibit c-fos transcription. This control experiment shows that the inhibition observed upon transfection with a plasmid bearing the mutated sequence does not result from unspecific promoter effects.
cFOS Stimulates POMC Transcription
The physiological meaning of c-fos induction after CRF treatment was further investigated by addressing the question of whether cFOS modulates POMC transcription. In a genetic approach, we used the POMC promoter (700 basepairs; see Fig. 7A ) linked to the CAT sequence pJL145 (26) . This sequence has been previously shown to contain the regulatory element(s) responsible for tissue-specific expression (27) of this gene. Cotransfection of this construct with an expression vector coding for the human cFOS protein pBK28 (28) stimulated POMC transcription 5-fold in more than 10 independent experiments. The effect of pBK28 on POMC expression was compared to that in control cells cotransfected with either an unrelated plasmid (PCH110) or a frame shift mutant of pBK28. Two typical and independent experiments are shown in Fig. 7B . This latter experiment, thus, shows that transactivation of the POMC promoter is dependent on functinal cFOS protein and rules out unspecific promoter effects (titration of regulatory proteins, for example). In parallel experiments, a promoterless but otherwise identical CAT construct was not stimulated by the cFOS expression vector. Furthermore, stimulation of the POMC gene does not reflect a general increase in transcription induced by overexpression of cFOS, since basal and serum-induced transcription from the c-fos promoter (construct FC4) were efficiently inhibited in this cotransfection assay, as previously described in other cell types (29) .
DISCUSSION
The neurohormone CRF stimulates POMC gene expression and secretion of POMC-derived peptides in pituitary corticotrophs and melanotrophs as well as in the corticotroph-derived AtT20 cell line (2-4, 8,10,11) . In the present report we analyzed the effects of CRF on the induction of the protooncogene c-fos in this cell line by direct measurement of c-fos mRNA levels or by gene transfer experiments. We show that in these cells the CRF-induced increase in POMC mRNA levels is temporally preceded by an increase in the level of transcripts coding for c-fos mRNA. The c-fos response is rapid (detectable within 30 min of CRF stimulation) and transient (Fig. 1 ), in support of the self-limiting genomic shut-off process well documented for this protooncogene (29) . The transient nature of the CRFinduced c-fos mRNA signal does not result from receptor down-regulation, since c-fos mRNA accumulation after cytosolic cAMP and Ca 2+ elevation with FK or ionophore A 23187 treatment follows a biphasic time course similar to that generated by CRF (data not shown).
Analysis of CRF Second Messengers
We used direct measurements of c-fos mRNA and gene transfer experiments to analyze the second messenger systems relaying the CRF signal in AtT20 cells. Since cAMP and intracellular calcium ion concentrations are modulated by CRF, cells were treated with agents that directly affect these two regulatory pathways. Activation of adenylate cyclase with FK (5 x 10" 6 M) increased c-fos mRNA levels. However, this increase (4-fold) was smaller than the 12-fold increase observed with CRF (Fig. 2) . Larger doses of FK (up to 25 ^M) have been tested, yet no greater inductional effects were observed. These observations might indicate that CRF directly activates another regulatory pathway which cooperatively interacts with the cAMP second messenger system. This second pathway may be independent of cAMP elevation and PKA activation, since CRF (10~8 M) and FK (5 x 10" 6 M) produced a comparable increase in cAMP levels (data not shown). This secondary regulatory branch could be triggered by changes in the intracellular Ca 2+ concentrations arising from extracellular sources or mobilization of intracellular stores. Mobilization of Ca 2+ from intracellular stores is thought to result from production of inositol phosphates by phospholipase-C activation, which also results in activation of PKC (30) . Although the phorbol ester PMA activates PKC and is a strong inducer of c-fos in many cell types (31-34), PMA did not modify c-fos mRNA levels in our experiments in AtT20 cells at the various concentrations and treatment times tested. It has been recently suggested that cFOS is a specific phosphorylated target for the j81 PKC subtype (35) , one of several PKC subtypes. Therefore, the lack of any detectable c-fos response to PMA could reflect the absence of PKC #1 in these pituitary cells, suggesting that CRF does not stimulate c-fos via PKC in AtT20 cells. In contrast to the effects of PKC activation, the use of drugs that elevate intracellular free calcium ions by increased entry of extracellular Ca 2+ stimulates c-fos mRNA levels ( Fig. 2) ions from the extracellular medium completely abolishes the CRF-mediated effect on c-fos mRNA levels (Fig. 3) . Cotreating AtT20 cells with the CAM antagonists W7 and W13 also reduced the c-fos mRNA signal. These data suggest that the intracellular free Ca 2+ increase generated by CRF leading to c-fos stimulation is mediated by CAM and probably relayed by a Ca 2+ /CAMdependent protein kinase. The conclusion, that this enzyme can regulate the c-fos protooncogene, would be in line with that reached by Morgan and Curran (14) from early studies in PC 12 cells. Thusfar, our results implicate that CRF strongly induces c-fos mRNA by increased intracellular Ca 2+ ion concentrations arising from extracellular sources and activation of CAM-dependent kinases. In addition, since CRF activates adenylate cyclase, and FK also induces c-fos mRNA (Fig. 2 ) in these cells, the CRF-mediated c-fos response may involve cross-talk between cAMP-and Ca
2+
-dependent systems. I I t 1
Fig. 7. The cFOS Transactivates POMC in Corticotrope Cells
A, AtT20 cells were cotransfected with a vector containing 700 basepairs of the rat POMC promoter coupled to the CAT sequence pJL145 (2 Mg/well) and an expression vector pBK28 coding for the human cFOS (2 Mg/well). Regulatory regions of the POMC promoter by the two main physiological modulators are depicted: the CRF-responsive region (26) and the negative glucocorticoid receptor element (nGRE) (42) . Note within the negative glucocorticoid-responsive sequence, homology to the haifpalindromic estrogen receptor is underlined. Controls received 2 Mg vector PCH110 or ApBK28, a frame shift mutant of pBK28. The transfection step lasted 12 h, and after an additional 24-h period in DMEM, CAT activity was determined. B, An autoradiogram from two independent experiments.
Genetic Analysis to Study the Role of PKA in c-fos Induction
To analyze the role of PKA in transmiting intracellular signals generated by CRF, cloned cDNA sequences coding for individual subunits of PKA were transiently expressed in AtT20 cells. In an elegant series of experiments, McKnight and co-workers (23, 24) previously demonstrated that overexpressing the catalytic subunit of the a-isoform of the mouse PKA can directly activate gene transcription via cAMP-responsive DNA elements.
Although these experiments were primarily designed to study mechanisms by which CRF induces c-fos in pituitary cells and not to analyze specific genomic CRFresponsive elements within the c-fos promoter, different constructs were used (Fig. 5) . Our results indicate that overexpression of the catalytic subunit of PKA (Ca) stimulates CAT transcription from a construct (FC4) containing the major regulatory sequences described thusfar, including the Dyad symetry element (DSE), multiple CRE, and a putative AP1 site. This latter is probably not relevant to c-fos induction by CRF, since TPA does not stimulate endogenous c-fos mRNA (Fig.   2 ) or transcription from FC4 (not shown). Furthermore, the DSE does not appear to be required for CRF induction of c-fos, since FC8, which lacks this sequence, is efficiently stimulated by CRF and Ca. The CRE (TGACGTCA) was then tested in a heterologous promoter construct and found to respond to CRF and Ca. This does not exclude additional CRF-responsive sequences. Clearly, multiple sequences within the c-fos promoter respond to cAMP (18) . Furthermore, Greenberg's group (19) recently reported that deletion of the c-fos CRE (or Ca 2+ -responsive element) located at -6 0 basepairs did not modify the induction of an otherwise intact c-fos promoter. Taken together, our data indicate that a CRE is at least one genomic target for c-fos induction by CRF. The catalytic subunit of PKA may be translocated into the nucleus (36), activating transcription as a result of direct phosphorylation of transacting factors such as cAMP-responsive element-binding protein (19, 37, 38) .
We next applied gene transfer techniques to determine whether CRF stimulation of c-fos involved PKAdependent modulation of Ca 2+ entry in AtT20 cells.
Here we expressed a mutant form of the regulatory subunit of PKA by transfecting cells with Mt-REV ABThis mutated subunit does not bind cAMP and, therefore, blocks PKA activation. When sufficiently expressed, it titrates down endogenous catalytic subunits and inhibits the PKA pathway (23, 24) . When cells were cotransfected with Mt-REV AB and CRE/tk-CAT, FK induction of CAT activity was completely abolished as a result of inhibited PKA activity (Fig. 4A) . In AtT20 cells, this treatment resulted in a strong (-80%) reduction in c-fos mRNA stimulation by CRF (Fig. 4B) . It is unclear whether the residual increase with CRF treatment is independent of PKA or is due to a signal observed in untransfected cells requiring further experiments using stably transfected AtT20 cell lines expressing the mutated regulatory subunit. We then examined whether blocking PKA hindered c-fos induction by CRF or treatments increasing cAMP or Ca 2+ entry. As seen in Fig.  6 , in cells cotransfected with a c-fos promoter-CAT construct (FC4) and Mt-REV AB , CRF and FK induction of c-fos transcription is eliminated, whereas in the same experiment, it continues to be induced by agents inducing Ca 2+ entry, such as K + or BAY K 8644, suggesting that the Ca 2+ /CAM system could modulate c-fos independently of PKA. This set of experiments shows that c-fos induction by CRF is dependent on a functional PKA system. Thus, the Ca 2+ component of the CRF stimulus may result from an action of the PKA at the level of the cell membrane, possibly by phosphorylation of Ca 2+ channels (39) and subsequent increased Ca 2+ flow into the cell. This interpretation is consistent with the observation that CRF increases Ca 2+ entry in AtT20 cells secondary to a rise in intracellular cAMP levels (7) . However, the mechanism by which CRF increases gene transcription is probably more complex. In addition to its direct coupling to the adenylate cyclase, the CRF receptor may be directly coupled to other effector systems, such as phospholipase-A or -C. Such an additional effector system is suggested by our observation that FK does not produce a massive stimulation of cfos, although cAMP is increased to comparable levels when cells are challenged with FK and CRF. Clearly, since inactivation of PKA completely suppresses c-fos induction, PKA would play a permissive role, perhaps allowing coupling of the CRF receptor to other effector systems.
Functional Relevance of c-fos Induction by CRF
The contribution of immediate early genes is not restricted to cell cycle-related events, but the genes products may also act as intracellular messengers in cells that have stopped their mitotic program (e.g. neurons and endocrine cells). This would agree with our observation that CRF increases c-fos expression in primary (nondividing) melanotroph or anterior pituitary cultures (Loeffler, J. P., and A. L. Boutillier, unpublished observation). Thus, the c-fos protooncogene may also represent a transduction mechanism for regulating other pituitary genes controlled by CRF. We have analyzed its effect on the main hormonal product of corticotrope cells, POMC. As shown in Fig. 7 , POMC transcription is efficiently stimulated by cFOS in a cotransfection assay. Whether this results from a direct transactivation of POMC promoter or implicates a cascade of other genes remains to be established. It has recently been shown that glucocorticoid receptor (GR) activity is potently inhibited by cFOS and cJUN. This mechanism appears to involve direct protein/protein interaction between GR and either cFOS or cJUN. This effect is independent of DNA binding (40, 41) . The POMC promoter is negatively regulated by glucocorticoids (1, 42) . If one speculates that the GR represses basal POMC gene activity, the observed increase in POMC transcription upon cotransfection with the cFOS expression vector could result from down-titration of functional GR. In this case, the cFOS protein would not necessarily interact physicaly with POMC promoter sequences. However, the inhibitory glucocorticoid-responsive sequence located at -6 0 basepairs in the POMC promoter (42) also overlaps a sequence homologous to the half-palindromic estrogen-responsive element (5'-GGTCA-3'; see Fig. 7A ). This sequence can mediate phorbol ester induction and bind the FOS/JUN complex (43) . Since cJUN is expressed at high levels in AtT20 cells (Loeffler, J. P., unpublished observation), this sequence may represent a regulatory element modulated by the AP1 complex. We are currently examining the POMC promoter by site-directed mutagenesis and footprinting analysis in order to help clarify this point.
In summary, our study demonstrates that CRF induces c-fos in corticotrope cells. This induction is dependent upon an increase in cytosolic cAMP levels and flux of Ca 2+ of extracellular origin, and the signals generated by these second messengers may ultimately be transduced by the transacting factor CRE-binding protein. cFOS activates the POMC promoter, and stimulation of c-fos by CRF may participate in the delayed induction of POMC gene expression.
MATERIALS AND METHODS
Cell Culture
AtT20/D-16V mouse pituitary tumor cells (a generous gift from J.L. Roberts, New York, NY) were propagated in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal calf serum, glutamine (286 mg/liter), penicillin (100 ^g/ ml), streptomycin (100 Mg/ml), and kanamycin (50 Mg/ml). Cells were plated on Costar dishes (Cambridge, MA; diameter 3 cm) and cultured at 37 C under 95% O 2 -5% CO 2 until 30-50% confluency was reached. Cells were then serum starved (no fetal calf serum, same medium as above) for 24 h before experiments or transfection studies.
Isolation of mRNA and Hybridization Studies
After stimulation with the appropriate drugs, total RNA was extracted by the LiCI method, according to Auffray and Rougeon (44) . RNA was quantitated by UV absorption (1 A 26 o = 40 jug RNA/ml), and 5 ^g total RNA were used for Northern or dot blot analysis, as previously described (45) . After transfer, the nitrocellulose filters were prehybridized (5 h) and hybridized 
Plasmids and Probes
POMC mRNA was quantified, as previously reported (45), with a single stranded M13 probe complementary to the mouse /3-endorphin-coding sequence (obtained from Dr. J. L. Roberts, New York, NY).
The c-fos mRNA was measured with a 32 P random prime labeled fragment (kit from Boehringer, Mannheim, Germany) complementary for 470 basepairs of the rat c-fos gene (a generous gift from Dr. R. Muller, Heidelberg, Germany).
Reporter Gene and Expression Vectors
The somatostatin CRE oligodeoxynucleotide (core sequence TGACGTCA), which covers the -3 2 / -6 1 promoter region and is linked to the thymidine kinase (tK) promoter from the herpes simplex virus, generates CRE/tK-CAT (see Fig. 4 ) (37) .
Recombinants FC4 (-404) and FC8 (-220; see Fig. 5 ) containing the progressively deleted human c-fos promoter linked to CAT sequence have been described previously (25) . Plasmid Mt-Ca (see Fig. 5 ) expresses the catalytic subunits of the mouse PKA, and Mt-REV AB (see Fig. 4 ) expresses a mutant form (without cAMP-binding sites) of the regulatory subunit of type I PKA. Plasmid Mt-Rwr, which served as a control, expresses the wild-type regulatory subunit. These constructs (a generous gift from Dr. Stanley McKnight, Seattle, WA) have been described previously (23, 24) . Since basal expresion from the metallothionein promoter was sufficient for our purposes, Zn 2+ or Cd 2+ treatment (which severely interferes with Ca 2+ metabolism) was avoided. The vector expressing human cFOS, pBK28 (28) , was a gift from I. Verma (San Diego, CA), and pJL145 (26) containing the rat POMC promoter was generously provided by J. L. Roberts (New York, NY). PCH 110 and pUC 18 were used to keep constant the amount of total DNA in cotransfection experiments and were obtained from Pharmacia (Freiburg, Germany).
Transfections and CAT Measurement
Transfection of AtT20 cells (~50% confluency) was carried out with a lipopolyamine-based method previously described in detail (47, 48) . Briefly, DNA (2 or 5 Mg/well) was mixed with 4 or 10 fi\ of a 2 mM aqueous solution of dioctadecylamidoglycylspermine in 1 ml DMEM. Under these conditions, DNA is efficiently coated with a lipid layer and enters the cells. The transfectant solution was applied overnight to cells grown in Costar (3-cm) culture dishes. After that period, cells were rinsed and grown in DMEM culture medium.
CAT activity was determined by the method of Gorman et al. (49) . Cells were suspended in 100 n\ 200 mM Tris-HCI (pH 7.4). After several freeze/thaw cycles, the extract was heated (65 C) for 10 min and centrifuged (14,000 x g; 5 min), and 80 /il of the supernatant were added to 40 p\ Tris-HCI containing [ 14 C]chloramphenicol (0.1 mCi). After 5 mn at 37 C, the reaction was initiated by adding 40 n\ 4 mM acetyl coenzyme-A, incubated for 2 h at 37 C, and extracted with 0.5 ml ethyl acetate. After analysis by TLC, the acetylated and unreacted forms of chloramphenicol were located, cut out, and counted. CAT activity was calculated as the percentage of chloramphenicol converted to acetylated forms. It was found that the transfection efficiency, at a constant DNA concentration, varied less than 15% within a given experiment. Therefore, the use of internal controls, such as /3-galactosidase expression vectors, to account for differences in transfection efficiency, as often used with other methods, was unnecessary. The total protein content in each reaction was measured by the method of Bradford (kit from Bio-Rad, Paris, France) and varied less than 10% between the different extracts.
